We present observational results characterizing molecular outflows from very low-mass objects in ρ Ophiuchi and Taurus. Our results provide us with important implications that clarify the formation process of very low-mass objects.
INTRODUCTION
In the early sixties, the existence of brown dwarfs (13-75 M J ) was predicted by Kumar (1963) , but the first brown dwarfs were not observationally confirmed until 1995 (Rebolo et al., 1995; Nakajima et al., 1995) . To date, thousands of very low-mass (VLM) stars (0.1-0.2 M ) and brown dwarfs (BDs) have been discovered in star-forming regions and in the field, including BDs with temperatures as cool as the human body.
Since VLM stars and BDs (hereafter VLM objects) have masses much lower than the classical Jeans mass (∼1 M ), it is therefore difficult to produce a VLM object by direct gravitational collapse of molecular clouds. Several mechanisms have therefore been proposed for the formation of VLM objects (see Whitworth et al. 2007 and references therein). While all these mechanisms are possible and may occur in specific cases, observations of the statistical properties, e.g., initial mass function, velocity dispersion, multiplicity, accretion, and jets (see Luhman et al. 2007 and references therein) of VLM objects have shown that the properties of VLM objects form a continuum with those of low-mass stars. This strongly supports the scenario that VLM objects and low-mass stars form in the same manner and thus supports the starlike models (Padoan & Nordlund, 2004; Bonnell et al., 2008) . In these models, dense cores of any size in the mass range of VLM objects and low-mass stars are produced directly by the processes of turbulent fragmentation (Padoan & Nordlund, 2004) or gravitational fragmentation (Bonnell et al., 2008) . These processes produce high-density gas (i.e., low Jeans masses) http://pkas.kas.org and thus form VLM cores. These VLM cores are dense enough to be gravitational unstable and collapse. Recent detections of proto BD candidates (e.g., André et al. 2012; Palau et al. 2014 ) support these models. However, it is still unclear how the physical processes of VLM object formation occur at later stages (e.g., class 0, I, and II).
Because bipolar molecular outflows are a basic component of the physical process of star formation, we have therefore studied molecular outflow properties of VLM objects to understand their formation mechanism. In this paper, we present basic properties of molecular outflows observed in VLM objects in ρ Ophiuchi and Taurus. We then discuss these properties in the context of the formation mechanism of VLM objects.
THE OUTFLOW PROCESS IN VLM OBJECTS
We have observed eight targets in ρ Ophiuchi and Taurus , 2011 with the Submillimeter Array (SMA) 1 and the Combined Array for Research in Millimeter-wave Astronomy (CARMA) at 230 GHz frequency to search for 12 CO J = 2 → 1 outflows. These targets are Class II VLM objects. This indicates that the sources are reaching their final mass and thus they will end up as VLM objects. We have Taurus. The CO outflow properties of the three VLM objects are listed in Table 1 .
Basic Properties
The molecular outflows from the VLM objects show similar properties: a small scale of 600-1000 AU, a low velocity of <5 km s −1 , a very low outflow mass of 10 −6 -10 −4 M , and a low mass-loss rate of 10 −9 -10 −7 M yr −1 .
We then estimate the mass-loss rateṀ wind of the stellar wind, which drives the molecular outflow in the VLM objects. We assume that momentum is conserved for the stellar wind-molecular gas interaction and thus equate the momentum of the molecular outflow, P = M out v max , with that supplied by the stellar wind during the outflow's lifetime,Ṁ wind t dyn v wind (e.g., Levreault 1988b) . The wind velocity for ISO-Oph 102 is taken to be 107 km s −1 , which is estimated from a jet velocity of 45 km s −1 (Whelan et al., 2005) with a correction for an outflow inclination of ∼ 65
• to the line of sight (PhanBao et al., 2008) . For GM Tau and MHO 5, a wind velocity of 100 km s −1 is assumed because the wind velocities of these two objects have not been measured so far. Table 2 lists the upper and lower limits of the wind mass-loss rates of the three VLM objects that are derived from the upper and lower limits of the molecular outflow mass, respectively.
Our observational results have shown that the molecular outflow masses in the three VLM objects are over an order of magnitude smaller than the typical values of 0.01−0.7 M for class II low-mass stars (Levreault, 1988b ). The wind mass-loss rates of 10 −10 -10 −8 M yr −1 are also over an order of magnitude smaller than the typical value of ∼10 −7 M yr −1 (Levreault, 1988a) as shown in Figure 1 . This therefore demonstrates that the outflow process in VLM objects occurs as a scaled-down version of that in low-mass stars.
Episodicity
Our estimated dynamical times for the outflow process in the three VLM objects (see Table 1 ) are in the range of 700 yr to 2700 yr. These values are smaller than the ages of these objects, expected to be from a few 10 5 yr for ISO-Oph 102 ) to a few Myr for GM Tau and MHO 5 (see Muzerolle et al. 2003 and references therein), by two or three orders of magnitude.
The extreme discrepancy between the dynamical times of the outflows and the ages of the VLM objects indicates two possible scenarios.
1. The extent of molecular outflows in the VLM objects is not fully detected because of the sensitivity and the coverage of our observations. The estimated dynamical times of the outflows are thus lower limits to the real dynamical times (Parker et al., 1991) . We then need to apply a correction factor of about 100 for the case of ISO-Oph 102 and 1000 for MHO 5 and GM Tau to determine the real dynamical times of the outflows. The molecular outflow mass-loss ratesṀ mol (Table 1) , the wind mass-loss ratesṀ wind and the ratiosṀ wind /Ṁ acc (Table 2) will thus decrease by the same factors. 2. The outflow process in the VLM objects is episodic with a duration of a few thousand years. If this episodicity of the outflows is confirmed, the outflow process and thus the associated accretion process in VLM objects will include quiescent and active episodes. The episodicity of the accretion process in our VLM objects is consistent, in general, with evolutionary models as proposed for low-mass stars and BDs (see Baraffe et al. 2009 and reference therein) . In the models, the accretion process in BDs at early stages may be episodic with long quiescent phases of accretion interrupted by short episodes of high accretion. Further observations are needed to confirm these scenarios.
MOLECULAR OUTFLOWS AND THE FORMATION PROCESS OF VLM OBJECTS
There are two important points that we should discuss here. First, the estimated ratios of wind mass-loss rate to mass accretion rate in our VLM objects (Table 2) are significantly higher than the values of ∼0.0003−0.4 (Hartigan et al., 1995) for T Tauri stars. There are two possible explanations.
1. We might overestimate the wind mass-loss rate because we did not apply a correction factor for the dynamical time of the outflow process (see Section 2.2). If a correction factor is applied, these ratios will decrease by the same factor and they are thus comparable to those in T Tauri stars. 2. This ratio in VLM objects is really higher than that in low-mass stars. As discussed in Section 2.2, more observations are needed to confirm the episodicity of the outflow process in VLM objects and hence clarify these two possibilities. Second, the basic properties of the outflow process in our VLM objects such as masses, and mass-loss rates are comparable to those observed in proto BD candidates at earlier stages, e.g., L1014-IRS (class I, Bourke et al. 2005) or IC 348-SMM2E (class 0, Palau et al. 2014) . The similarity implies that the mass-loss rate, and hence the associated accretion rate in VLM objects does not change considerably at different stages of the VLM object formation. This therefore suggests a very low accretion rate in the range 10 −11 -10 −9 M yr −1 (Table 2) for different stages of the formation process of VLM objects.
SUMMARY
Our results show that (i) the bipolar molecular outflow process in very low-mass objects is a scaled-down version of that in low-mass stars; (ii) the outflow and the associated accretion processes are possibly episodic with a duration of a few thousand years; (iii) the accretion rate is very low and it does not significantly change for different stages of VLM object formation. We therefore suggest a possible scenario for the formation mechanism of VLM objects, that the episodic accretion process with a very low accretion rate, possibly together with a high ratio of outflow mass-loss rate to mass accretion rate, may prevent a very low-mass core from accreting enough gas to become a star and thus the core will end up a very low-mass object.
